Due to the electrical isolation nature of wireless power transfer (WPT) system, a method that can obtain the receiver side parameter only based on transmitter side information is desirable. However, typical estimation scheme assume that the coil inductance and compensation capacitance are constant, which will cause large estimation errors in high frequency system. Therefore, a multiple parameters estimation algorithm that can simultaneously identify load resistance, mutual inductance and receiver coil inductance is proposed in this paper, where only the input current and voltage are needed to be measured. Moreover, in order to cope with capacitor aging effect and manufacturing tolerance, compensation capacitance estimation algorithm is also presented. Mathematical model and algorithm procedure are depicted thoroughly and the gradient descent approach is adopted to obtain the optimal estimated parameter. The uniqueness of solution and the validity of this approach are strictly proved as well. Finally, a WPT experimental prototype with Class-D inverter is implemented and the experimental results are provided to verify the availability and accuracy of the proposed algorithm.
I. INTRODUCTION
In recent years, wireless power transfer (WPT) technology has attracted significant research interests and now becomes an available and practical technology, covering electrical vehicle [1] - [5] , consumer electronics [6] - [8] , and implantable medical device [9] - [13] , etc. However, due to the electrical isolation nature of wireless power transfer system, how to obtain information on the load side has become one of the key issues. It is intuitive to apply wireless communication to get load side information [14] , but this methodology would bring additional bulk and system complexity [15] , which is not applicable in some scenarios such as implantable medical device. Therefore, it is desirable to obtain the parameters based on transmitter side information, which reduces the cost, The associate editor coordinating the review of this manuscript and approving it for publication was Diego Oliva . bulk and complexity by eliminating the wireless communication link.
Many scholars have paid lots of contribution to parameter estimation in WPT system. A systematic approach for load monitoring by solving matrix equation based on circuit model is proposed in [16] , but accurate mutual inductance measurement is required. Therefore, a mutual inductance and load resistance estimation algorithm is proposed in [17] . However, this algorithm cannot accurately identify parameters at resonance frequency. Moreover, these methods elaborately analyze the characteristic of reflected impedance but require sampling high frequency voltage and current in resonant tank, so an energy analysis method that only utilizes zero crossing sampling data of resonant variables to realize identification of dynamic reflecting impedance is presented in [18] , although it requires accurate mutual inductance measurement as well. In addition, other methods such as frequency perturbing are used to estimate load and mutual inductance simultaneously [19] .
Recently, in order to improve estimation accuracy and cope with sophisticated system, some mathematical methods are also applied to parameter estimation in WPT system. Real time coupling coefficient estimation by using recursive least squares algorithm has been discussed in [20] . Furthermore, Newton-Raphson method is applied to estimate load and mutual inductance in WPT system with relay coil [21] . An elegant algorithm combined with least square approximation and frequency sweeping is adopted to reduce estimation errors resulted from measurement noise [22] . However, all these algorithms assume that the inductance and compensation capacitance are constant. But in the actual application scenario, uncontrolled electromagnetic environments such as foreign metallic material can cause coil inductance to deviate from nominal value [23] . Similarly, due to the aging effect of compensated capacitor, the capacitance would drift as well. These varying parameters can cause large estimation errors in high frequency system. Moreover, these changed parameters of receiving part sometimes are quite difficult to measure directly in some applications, such as consumer electronics and implantable medical device. Therefore, in addition to load resistance and mutual inductance, an algorithm that can also estimate coil inductance or compensation capacitance would be better.
In this paper, an algorithm that can simultaneously estimate load resistance, mutual inductance and receiver coil inductance is presented in Section II, where the mathematical model and solving method are depicted thoroughly. Similarly, compensation capacitance estimation method is also introduced in Section III. Section IV proves the uniqueness of solution and discusses the selection of algorithm. Experimental results and verification are provided in Section V. Finally, some conclusions are drawn in Section VI.
II. MULTIPLE PARAMETERS ESTIMATION INCLUDING INDUCTANCE
Typically, many parameter estimation algorithms assume that the inductance of receiver coil is constant. However, in actual application scenario, different electromagnetic environment leads to the drift of coil inductance, causing change of the resonant frequency. This parameter drift leads to estimation error in typical algorithms, resulting in control error or even failure. Therefore, it is necessary to estimate multiple parameters, including inductance of receiver coil, mutual inductance and load resistance, to eliminate estimation error and facilitate system control.
A. MATHEMATICAL MODEL Fig. 1 illustrates the equivalent circuit of general WPT system with series-series topology.
The equivalent impedance seen from the transmitter side can be formulated as where Z s denotes the equivalent input impedance, L 1 , L 2 and R 1 , R 2 denote the inductance and inherent resistance of the transmitter coil and receiver coil respectively, C 1 and C 2 denote the compensation capacitance of transmitter and receiver side respectively, M denotes the mutual inductance between the transmitter coil and receiver coil. Equation (1) can be simplified as
It is noted that the equivalent input impedance Z s can be obtained via dividing the input voltage u s by the input current i 1 . A L and B L are also known, so only three parameters M , R L , L 2 are remained to be estimated.
Equation (2) can be rearranged as
3) can be rewritten as
It is noted that D L and E L are complex number, so it can be expanded as
Therefore, comparing the real and imaginary part of Equation (4) yields
In Equation (6), the solutions are not unique given that there are three unknown parameters in two equations. It is noted that the coefficients of all unknown parameters, including α D , β D , α E , β E , are functions of angular frequency ω. Therefore, if the frequency is changed to another value, a new set of coefficients will be obtained. Generally, assuming there is no measurement error, two sets of coefficients obtained from two frequency points are sufficient to solve three unknown parameters. However, in practical system, measurement errors are unavoidable, so the estimation results obtained from two frequency points are not reliable and usually have large errors.
In order to minimize the impact of measurement error on estimation accuracy, it is necessary to employ more than two sets of data obtained from different frequency points. Normally, the value calculated from the left side of the Equation (6) is not strictly equal to zero due to the measurement error. Therefore, a set of estimated value that minimizes the sum of the squares of the Equation (6) at different frequency can be regarded as final estimation result, i.e.
where ω i denotes i th frequency point.
B. COMPUTATIONAL APPROACH FOR PARAMETER ESTIMATION
The gradient descent approach is used to optimize the Equation (7) . Set the cost function J as
In order to facilitate the derivation, taking M 2 instead of M as the estimation parameter. Take the initial parameter vector V ec as
By applying the gradient descent approach, the value of the cost function J is iteratively reduced by updating V ec as follow:
where α denotes the update rate, and the partial derivatives are as follows:
Gradient descent is also known as the steepest descent, because the objective function will decrease fastest in the direction of negative gradient. Therefore, this algorithm will find a fastest descending path as shown in Fig. 2 . However, if the variables of cost function have an order of magnitude difference, then it turns out a skewed and skinny contour as shown in Fig. 3 . As a result, the gradient descent method may end up finding a zigzagged path, requiring more iterations to find the minimum.
It is noted that three estimation parameters M 2 , R L , L 2 have an order of magnitude difference. In order to converge with fewer iterations and reduce the truncation error in the calculation, feature-scaling is adopted to scale the parameters to the same order of magnitude, thereby improving computational efficiency and precision. Concretely, since the unit of mutual inductance M and coil inductance L 2 is microhenry (µH ), both parameters should be multiplied by the coefficient k c = 10 6 , i.e.
Therefore, the cost function J now becomes while the corresponding partial derivative becomes
The flow chart of the proposed multiple parameters estimation scheme is shown in Fig. 4 . Firstly, the input impedance C L at each frequency point is obtained by sweeping frequency. The parameter vector is then iteratively updated using the Equation (10) and (14) until the value of cost function J tends to be constant, at which point the parameter vector is considered to be the final estimation results.
III. MULTIPLE PARAMETERS ESTIMATION INCLUDING CAPACITANCE
In actual wireless power transfer system, the inductance of a fixed-shaped coil in a clean electromagnetic environment generally kept constant, although the capacitance of compensation capacitor will drift due to manufacturing tolerance, temperature and device aging, resulting in the capacitance is different between products. This parameter drift leads to large estimation error in typical algorithm. Therefore, an algorithm is needed to accurately estimate the mutual inductance and load resistance when the capacitance is deviated from the nominal value.
A. MATHEMATICAL MODEL
The process of deducing a mathematical model is similar to the previous one, except that the estimated parameters now become M , R L and C 2 . Therefore, Equation (1) can be simplified as
where (16) can be rewritten as
Similarly, comparing the real and imaginary part of Equation (17) yields
where
The same method of sweeping frequency is adopted to minimize the impact of measurement error on estimation accuracy, i.e.
B. COMPUTATIONAL APPROACH FOR PARAMETER ESTIMATION
Similarly, set the cost function J as
Once again, the gradient descent approach is used to get the estimation results, i.e.
where α denotes the update rate. However, now the initial value of the capacitance C 2 cannot be taken as zero since it appears in the denominator of the Equation (20) . Usually, take the nominal value as the initial parameter vector V ec can accelerate the convergence rate.
Finally, the partial derivatives are as follows:
IV. DISCUSSION ON UNIQUENESS OF SOLUTION A. CONVEXITY OF COST FUNCTION
Actually, the premise of using the gradient descent method is that the objective function is convex. Otherwise, different estimation results will be obtained from different initial vector, because non-convex function has multiple local minimum.
Therefore, it is necessary to prove that the cost function is a convex function to ensure the correctness of the estimation results.
It is noted that the Equation (8) is the sum of a series of functions with different coefficients. Since that the sum of convex functions is still convex, it is only necessary to prove that each function is convex, i.e.
A sufficient condition for a convex function is that its Hessian matrix is a positive semidefinite matrix, i.e.
Specifically, substituting the partial derivative value of the Equation (23) into Equation (24), the Hessian matrix now becomes
One of the necessary and sufficient conditions for a positive semidefinite matrix is that all its sequential principal minors are greater than or equal to zero. Three sequential principal minors of the Equation (25) are as follows:
Therefore, the Hessian matrix of the Equation (23) is a positive semidefinite matrix, which means the cost function is convex. The proof process for the capacitance estimation is the same, thereby it is not repeated here.
B. ALGORITHM SELECTION
Generally, estimating the inductance or capacitance depends on the application scenario. Before the system starts to transmit power, the inductance estimation algorithm is a better choice to check the surrounding electromagnetic environment, such as the presence of foreign metal object. Afterwards, if the system is in a clean electromagnetic environment, the capacitance estimation algorithm is more suitable to facilitate the system control, eliminating the control and estimation errors resulted from capacitance shift, or use to diagnose receiver system, such as capacitor breakdown.
However, it is impossible to estimate the inductance and capacitance in the same time, as the solution would be not unique. In other words, there will be countless sets of estimated parameters that result in the same input impedance Z s , which makes it seen exactly the same from the transmitter side.
Suppose there is a new set of solution [ M R L L 2 C 2 ] that is completely different from the correct solution [ M R L L 2 C 2 ], then there is a linear transformation such that the input impedance of two sets of parameters is the same.
where k is any non-zero real number. Now the new input impedance Z s of new set of parameters is 
Since k can be any value, there are countless sets of parameters that make it look exactly the same from the input side, making it impossible to simultaneously estimate the inductance and capacitance. Only one of the algorithms can be selected according to the application scenario.
V. EXPERIMENTAL RESULTS
A WPT system with Class-D inverter is built up to verify the feasibility and accuracy of the proposed multiple parameters estimation scheme.
The nominal efficiency of the system is 88% and the whole system is shown in Fig. 5 , including the Class-D inverter, transmitter coil, receiver coil and the load.
Gallium nitride (GaN) GP165030DF0 is selected as power switch of Class-D inverter, and the corresponding isolation driver IC is SI8271GB.
The structure and parameters of two identical planar spiral coil are shown in Fig. 6 and Table 1 . All the parameters of the WPT prototype are measured by precision impedance analyzer WAYNE KERR 6500B, and the measured results are summarized in Table 2 . The sweeping frequency ranges from 280 kHz to 310 kHz with a step of 1 kHz. The experimental waveforms at 294 kHz switching frequency are captured by digital oscilloscope Tektronix DPO4034 and shown in Fig. 7 , where u s and i 1 are the output voltage of the Class-D inverter and the current in transmitting coil respectively, u g1 and u g2 are the gate driving waveforms of the upper and lower GaN respectively.
According to the flow chart shown in Fig. 4 , after frequency sweeping, the sampled data of u s and i 1 are processed in MATLAB and the fundamental amplitude and phase angle are obtained through applying Fast Fourier Transform (FFT), so the real and imaginary part of the input impedance can be calculated. After feature scaling to accelerate convergence rate, multiple parameters estimation results are obtained by utilizing gradient descent algorithm. Here, the update rate α is chosen as 1e −3 . There is a trade-off between estimation accuracy and convergence rate when choosing α. A smaller α can achieve better accuracy but increase the number of iterations, or vice versa.
Finally, the experimental results of inductance estimation algorithm are shown in Fig. 8 and the results of capacitance estimation algorithm are shown in Fig. 9 , where the solid lines with symbols represent the estimated value and the dotted lines represent the actual value. As mentioned before, two frequency points are sufficient to solve equations to obtain the estimation results. However, the estimation results based on several frequency points is far from the actual value. This highlights that the gradient descent approach combined with frequency sweeping scheme can eliminate or reduce the impacts of measurement error and high frequency noise or harmonics. As shown in Fig. 7 , the output voltage of the Class-D inverter is a square wave, which contains extensive third harmonic, but it does not deteriorate the estimated accuracy and finally the estimation error will converge to ±2% error band after 25 frequency points, which verify the feasibility and accuracy of the proposed multiple parameters estimation scheme.
When the load resistance is changed to 10 , the estimated results are shown in Fig. 10 and Fig. 11 . In addition, the estimated results are shown in Fig. 12 and Fig. 13 when the coils distance D s is changed to 22 cm. Similarly, as the frequency point increases, the estimated results will approach the actual value and finally converge to ±2% error band as well.
In practical application, the inductance estimation algorithm can serve as a foreign object detection (FOD) method.
In the presence of a metal plate, which is 12cm from the receiver coil, the estimated results are shown in Fig. 14, where the black dotted line represents the nominal inductance and the red dotted line represents the actual value with the presence of metal plate. It is found that the estimated inductance is far from the nominal value, which means the existence of a metal object.
VI. CONCLUSIONS
This paper proposes a multiple parameters estimation scheme that can simultaneously estimate load resistance, mutual inductance and receiver coil inductance or compensation capacitance, using only the measurement data of input current and voltage. This scheme can eliminate the estimation errors in typical algorithm which assumes a constant capacitance. Frequency sweeping combined with gradient descent approach is adopted to obtain the estimation results. Featurescaling is utilized to accelerate the convergence rate, and the convexity of the objective function is strictly proved as well. The inductance estimation algorithm can detect the presence of foreign metal object before a WPT system starting to transmit power, while the capacitance estimation algorithm can eliminate the estimation errors resulted from capacitance shift or use to diagnose receiver system. Experimental prototype is set up to evaluate the estimation scheme. The experimental results verified the feasibility and accuracy of the algorithm using only transmitter side information. The frequency sweeping scheme overcomes the estimation errors introduced by measurement errors and high frequency noise or harmonics, and the estimation errors are less than ±2%, which is almost consistent with actual value.
